| INTRODUC TI ON
Acetaldehyde is a highly desirable product of microbial biosynthesis, because it can be further used as the entry point for the synthesis of acetic acid, acetic anhydride, butadiene, crotonaldehyde, and other higher value chemicals (Danner & Braun, 1999; Moore et al., 2017) . Several microorganisms, like Zymomonas mobilis, genetically engineered Lactococcus lactis, or yeast, have been investigated for the production of acetaldehyde from sugary substrates (Bongers, Hoefnagel, & Kleerebezem, 2005; Wecker & Zall, 1987) .
Acetaldehyde is the direct metabolic precursor of ethanol. It accumulates in aerobic culture as a volatile byproduct, due to withdrawal of reducing equivalents from the ADH reaction by respiration. The advantage of Z. mobilis as an acetaldehyde producer is the best rate of its Entner-Doudoroff glycolytic pathway, a very active pyruvate decarboxylase, and, at the same time, an active respiratory chain with low energy-coupling efficiency, ideally suited for regeneration of NAD + under condition when ethanol is not the major catabolic product (Kalnenieks, 2006; Rogers, Jeon, Lee, & Lawford, 2007) .
So far, only 40%-50% of the theoretical yield have been reached in acetaldehyde bioprocesses, hence a considerable potential for yield improvement remains. Synthesis of ethanol and other byproducts from acetaldehyde prevents reaching the maximum yield, which is 2 moles of acetaldehyde per mole of catabolized glucose.
Acetaldehyde inhibits microbial growth already at millimolar concentrations (Wecker & Zall, 1987) . At first glance, it should be possible to develop resistant producer strains in a straightforward manner, by means of directed evolution in the presence of externally added acetaldehyde. However, since acetaldehyde is being produced in the cytoplasm, some of the stress protection mechanisms 
Translocation of Zymomonas mobilis pyruvate decarboxylase to periplasmic compartment for production of acetaldehyde outside the cytosol thus attained, like lowering of membrane permeability for acetaldehyde or binding and degrading of its intracellular pool (Aranda & del Olmo, 2004; Matsufuji et al., 2008) , would decrease the overall productivity rather than contributing to it. More likely, further progress here depends on improved methods for acetaldehyde removal both from the cell interior and from the culture medium. Acetaldehyde has no specific membrane permease. Study with yeast (Stanley & Pamment, 1993) suggests that its diffusion through the lipid bilayer is slower than that of ethanol, and may represent a serious bottleneck for acetaldehyde producers. The aim of the present study was to circumvent this bottleneck, by moving the acetaldehyde-generating reaction (pyruvate decarboxylase; PDC) from the cell interior to the periplasmic compartment ( Figure 1) . Acetaldehyde, when generated in the periplasm and removed from the culture medium by gassing, can be expected to cause less damage to the cell interior, and also, to be less accessible for the cytosolic enzymes, converting it into ethanol or acetate. That could in future serve as a valid basis for developing acetaldehyde producer strains with both improved yield and increased acetaldehyde resistance. Here we report relocation of acetaldehyde synthesis from cytosol to periplasm by three 
construction of a PDC fusion with the 35 amino acid periplasmic signal sequence of Z. mobilis gluconolactonase (Kanagasundaram & Scopes, 1992) , and (c) its expression in the PDC-deficient mutant.
| RE SULTS AND D ISCUSS I ON

| Construction of a PDC-deficient strain and expression of PDC with a periplasmic signal sequence
PDC in the wild type Z. mobilis is an abundant and highly active enzyme; hence almost all pyruvate coming from the E-D pathway gets decarboxylated in the cytosol. Therefore, we regarded a PDC-deficient strain as a more suitable genetic background for constructing the pathway of periplasmic acetaldehyde production, than the wild type. Cytosolic PDC deficiency could be expected to stimulate pyruvate export, thus providing the periplasmic PDC with substrate For construction of the PDC-deficient strain (Pdc-) we chose the same approach, previously proved efficient for construction of other Z. mobilis knock-out mutants (Kalnenieks et al., 2008; Strazdina et al., 2012) . A construct on the basis of plasmid vector pGEM3Zf(+) F I G U R E 3 PDC activity in cell-free extracts and in extracellular medium after lysozyme treatment of various duration: Zm6 (black columns), Pdc-(empty columns), and PeriAc (gray columns). Assay for lysozyme treatment: 100 L of 100 mg/ml lysozyme was added to 900 L of 4 mg/ml washed cell suspension (harvested at mid-exponential phase of aerobic growth) in 0.2 M TRIS/HCl buffer, pH 8, and incubated at room temperature by vortexing of various duration. Then, samples were rapidly cooled in an ice bath, centrifuged, and the supernatants used for PDC activity measurement. Cell-free extracts were prepared by 2 min ultrasonic disruption with pulses of 0.5 s duration, separated by 0.5 s intervals. PDC activity assay: 5 L of the supernatant from lysozyme-treated or sonicated cell suspension was added to a mixture, containing 937 L of 0. Figure 2b ), fused to the initial part of the pdc ORF. Plasmid construct pBBRgap_SglucPdc (Figure 2b ) was built on the basis of shuttle vector pBBR1MCS-2, and carried the PCR product of the primer pair SglucPdc_fwd and Pdc_rev (Table 1) under the glyceraldehyde-3-phosphate dehydrogenase gene promoter (P; Figure 2b ). The plasmid construct was used for transformation of the strain Pdc-. Transformation with the pBBR construct and selection of transformants (strain Z. mobilis PeriAc) was done, following the routines described previously (Balodite et al., 2014) .
The PDC-deficient strains appeared to be "leaky," very much like those, recently derived from Zm4 by Zhao, Rogers, Kwon, Jeong, and Jeon (2015) , using methodology similar to ours. In spite of the fact that both Zm4 and Zm6 genome sequences contain one copy of the pyruvate decarboxylase gene, in the recombinants PCR reaction on chromosomal DNA template amplified two products, one of which was identified by sequencing as the disrupted gene copy with the antibiotic resistance insert, and the other one being the intact gene copy. In our mutant strain Z. mobilis Pdc-, the primer pair Pdc1
and Pdc2 amplified a 1.6 kb fragment, corresponding to the intact gene, and a longer fragment of about 2.5 kb, carrying the tet r insert.
Both were seen on agarose gel as two bands of comparable intensity (not shown). The mechanism of the apparent PDC gene duplication in these experiments still needs to be clarified, but possibly, such phenomenon is somehow related to the essentiality of PDC for catabolism and ethanologenesis in Zymomonas. Nevertheless, the Pdcstrain showed a partially PDC-deficient phenotype: in the cytosol fraction of cell-free extracts, prepared by ultrasonic breakdown and removal of membranes by centrifugation (as described in Strazdina et al., 2012) the mutant's PDC activity constituted half of that seen in the wild type Zm6 (Figure 3) . A similar 50% decrease of PDC activity was reported also by Zhao et al. (2015) .
| Intracellular location of PDC
In order to monitor the distribution of PDC between cytosol and periplasm in the parent strain and both mutants, cells were incubated in lysozyme-containing TRIS/HCl buffer for various time spans to disrupt the external membrane, basically following the procedure of Linger, Adney, and Darzins (2010). The PDC activity was then measured in the extracellular medium. As seen in Figure 3 , there was a background activity of PDC in the incubation medium before lysozyme treatment in all three strains, presumably due to some cell lysis happening during the pretreatment (cell sedimentation, washing, and concentration steps). Incubation with lysozyme for 2 min practically did not add to this activity. Incubation for 5 min, and, especially for 8 min, raised the medium PDC activity in PeriAc, but still no significant change was seen in both other strains. Incubation for 11 min, however, produced a increased PDC activity in the extracellular medium in both PeriAc and Zm6, and to a lesser extent in Pdc-.
Given that in the wild type PDC is localized in cytosol, detection of its activity after 11 min of lysozyme treatment indicated disruption of the cytoplasmic membrane. Therefore, we concluded that the 8 min interval was close to the optimum length for lysozyme treatment, releasing the periplasmic pool of PDC in the strain PeriAc, while leaving intact the cytosolic compartment. Comparison of the PDC activity in PeriAc cell-free extract (sonicate) with the extracellular activity after 8 min lysozyme treatment indicates that more than half of PDC in this strain is periplasmic. Notably, in cell-free extracts the total activities of PDC in wild type and PeriAc were closely similar, so these strains differed mainly by their PDC localization. Such metabolic properties of PeriAc seem to be in a good agreement with the fact that most of PDC is located outside the cytosol.
When exported from the cytosol of PeriAc, pyruvate gets captured and decarboxylated to acetaldehyde in the periplasm, so accordingly, a smaller its fraction reaches external medium, than in the case of Pdc-. Decarboxylation of pyruvate could be expected to maintain a higher pyruvate concentration gradient between the cell interior and periplasm, and thus to stimulate pyruvate export from the cytosol. Acetaldehyde, generated in the periplasm, from the very beginning is spatially separated from the alcohol dehydrogenases by the cytoplasmic membrane barrier. Hence, there is a higher probability for it to leave the cell via the outer membrane, than to interact with the cytosolic alcohol dehydrogenases, in contrast to both other strains, in which all acetaldehyde is generated in the cytosol.
It is important to realise, however, that if we let acetaldehyde to accumulate in the growth medium, then after some time it would anyway penetrate the cytosol of PeriAc, and the recombinant strain Notably, relative to the shaken flasks without gassing, a much bigger difference between the acetaldehyde levels in PeriAc and in both other strains was established ( Figure 6 ; filled bars). In PeriAc, the removal of acetaldehyde appeared to stimulate its synthesis more than in other strains, since by the end of cultivation the quasi steady-state acetaldehyde concentration in PeriAc culture medium was almost three times higher than in Zm6. As expected, by decreasing acetaldehyde concentration, gassing stimulated growth. After 12 hrs with gassing, the optical density of Zm6 and Pdc-reached twice the control values, but in PeriAc it was higher by 60% (not shown).
PeriAc provides a promising basis for development of acetaldehyde producers of a novel type. Further research is needed to characterize its growth and production at various aeration intensities, and to ensure efficient product recovery. Also, directed evolution in aerobic chemostat, gradually raising the flow rate, as well as selective pressure by externally added acetaldehyde, would help to improve the strain performance-its growth and production rates, and acetaldehyde resistance.
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